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Excessive fluoride and arsenic in water have caused serious environmental issues and 
adverse impacts on human health. In this study, a novel lanthanum modified carbon 
nanoparticle adsorbent rooted in Sargassum sp. was developed for arsenic and 
fluoride removal. Sargassum sp. was carbonized by concentrated sulfuric acid, then 
obtained carbon particles were washed with DI water and neutralized by sodium 
hydroxide. Afterwards, particles were immersed in aqueous solution of LaCl3. The 
resulted La-modified carbon nanoparticles (LMCN) were investigated through batch 
studies in different conditions, including solution pH, initial concentrations, ionic 
strength and co-existed ions.  
In the experiment of fluoride removal, excellent removal efficiency was observed 
over a wide pH range of 3-9. The adsorption kinetics experiment indicated almost 90% 
of fluoride adsorption occurred within the first 1 h; the equilibrium was established 
within 4 h. The maximum adsorption capacity of LMCN could reach 48.8 mg/g at 
neutral pH, much higher than many commercial adsorbents. The ionic strength had a 





2- and AsO3 had certain interference on fluoride 
uptake, it was noticed that there was no significant impact on the presence of humic 
acid. Furthermore, according to the instrumental analysis, the fluoride removal was 
majorly controlled by outer-sphere complex adsorption, while electrostatic attraction 
and ion exchange mechanisms could also be observed in the fluoride adsorption 
process.  
In the experiment of arsenic removal, better arsenic adsorption under a wide pH 
ranging from 6 to 11. The adsorption kinetics of arsenic on the LMCN showed that 
above 90% of adsorption took place rapidly within the first 2 h; the equilibrium was 
established within 4 h. At the optimal pH, the maximum adsorption capacity of 
LMCN was around 52.60 mg/g. The ion strength had no significantly effect on the 




2- had certain interference on the adsorption of arsenic. The instrumental 
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analysis suggested that outer-sphere complex adsorption and ion exchange were the 
main mechanisms for arsenic uptake. 
It is concluded that the La-immobilized carbon nanoparticle shows high efficient 
removal of toxic arsenate and fluoride from aqueous solution. This adsorbent may act 
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CHAPTER 1 INTRODUCTION  
1.1. Background 
Drinking water safety is always a great concern around the world. Fluoride and 
arsenic contaminations in drinking water have raised great concerns, since they are 
naturally occurring groundwater contaminants around the world [1, 2]. Long time 
exposure to fluoride and arsenic in drinking water leads to serious damage to human 
beings, such as softening of bones, neurological and thyroid disorder, ossification of 
tendons and ligaments and even cancer of lung, liver and kidney [3]. The high 
concentration of fluoride and arsenic in groundwater may be owing to the mining 
industrial wastes, municipal effluent and agricultural runoff [3]. Many districts over 
the world have been affected by fluoride and arsenic contamination including areas in 
China, India, Pakistan and southern America [1,4-5]. Therefore, the World Health 
Organization (WHO) recommended the optimal fluoride and arsenic concentration 
should be less than 1.5 mg/L and 10 ppb in drinking water [6,7]. Since fluoride and 
arsenic are often introduced into drinking water supple and causing hazardous effects 
through various industrial sources, the removal of these two heavy metal is becoming 
an increasing significant topic of research. 
A variety of technologies are available for fluoride and arsenic removal, such as 
membrane, ion-exchange, precipitation and adsorption. Among these technologies, 
adsorption is considered as one of the most promising technologies because of the low 
production cost and ease in operation. Various adsorbents based on activated alumina, 
zeolite and other materials have been developed for fluoride and arsenic removal. 
However, most of these adsorbents are associated with some drawbacks such as 
insufficient adsorption capacity, limited available pH rang and poor mechanical 
strength.  
Recently, biomaterials, especially those based upon inactive seaweeds, have drawn 
much research attention for uptake of ionic pollutants, owing to its advantages of high 
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binding capacity and abundance of source materials [8,9]. The annual world 
production of seaweed is estimated more than 2.6 million tons of red algae and 16 
million tons of brown algae. Sargassum sp., a kind of brown algae, has been widely 
studied for effective removal of cationic heavy metal ions. However, the seaweed 
biosorbents have shown great potential for ionic pollutants removal and possible 
secondary pollution because of organic leaching. Hence, further modification as 
carbonization process could be applied to seaweeds. The formed carbonaceous 
adsorbent with large specific surface area could perform superior adsorption capacity. 
1.2. Objectives and Scopes 
Compared with many technologies for fluoride and arsenic removal, adsorption is 
regarded as a cost-effective and highly-efficient method. This study aimed to develop 
effective adsorbents to remove arsenic and fluoride from aqueous system. The 
coordination structures as well as adsorption behavior were further studied by using 
spectroscopic techniques and batch adsorption experiments. The factors affect the 
adsorption of fluoride such as pH and ion strength were investigated. The objectives 
and scopes of this research were: 
I. Develop a novel synthesis approach to modify carbonized particles derived from 
Sargassum sp., which is easy-operated and cost effective, for efficient removal of 
fluoride and arsenic. 
II. Study the surface structure of the novel adsorbents by microscopy and verify the 
mechanism of the adsorbents. 
III. Investigate the adsorption behavior of the adsorbent for fluoride and arsenic 
including kinetics and isotherms, applying different models to fit the experimental 
result, comprehensively describe the adsorption process according to model fitting. 
IV. Evaluate the effect of different factors in aqueous solution for fluoride and arsenic 
adsorption performance, including the effect of pH, ion strength and co-existing ions 
on the capacity of adsorption.  
Through this study, a novel kind of adsorbents can be anticipated to apply for fluoride 
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and arsenic removal. The results from the present study would provide useful 
information for fluoride and arsenic removal.  
The thesis is arranged in the following manner. Chapter 1 provides a general 
introduction of fluoride and arsenic in aqueous system, treatment technologies and the 
advantages of adsorption. Chapter 2 presents a more detailed literature reviews. 
Chapter 3 provides materials, equipment and methods used in the experiment. Chapter 
4 summarizes the experimental results and discussion. Chapter 5 provides the 
summary of the results through this thesis and gives several suggestions for the 




CHAPTER 2 LITERATURE REVIEW 
This chapter provides detailed information about the problems of fluoride and arsenic 
in drinking water, their hazardous effects and the treatment technologies.  
2.1. Occurrence and sources 
The high concentration of fluoride in ground water may be due to the natural 
dissolution of fluoride rich minerals, as well as the discharge of fluoride containing 
industrial wastewater produced from mining, plating industries and semiconductor 
factories, which could result in more serious water pollution. The  fluoride occurs 
mainly in the form of fluorspar (CaF2), sellaite (MgF2), cryolite (Na3AlF6) and 
fluorapatite [3Ca3(PO4)2Ca(F,Cl2)].  
Arsenic contaminates water in both natural and anthropogenic ways such as 
geothermal sources, industrial and agricultural activities, mining wastes and landfills 
[8-10]. Arsenic concentration in most rocks ranges from 0.5 to 2.5 mg/kg, but higher 
concentrations are found in finer grained argillaceous phosphorites and sediments. 
Arsenic exists in the form of arsenious acids (H3AsO3, H3AsO3
2-), arsenic acids 
(H3AsO4, H3AsO4
-, H3AsO4
2-), arsenites, arsenates, arsine, etc. Arsenic is knows as 
deadly poison since ancient time due to its several side effects and lethality. The order 
of toxicities of arsenic species are arsenite > arsenate > monomethyl arsenic acid 
(MMA) > dimethyl arsenic acid (DMA). 
2.2. Health impacts 
Although tiny amount of fluoride is favorable to teeth and it is added to toothpaste, at 
a higher dose, fluoride could lead to severe threat to human health such as teeth 
skeletal damage, infertility and thyroid disorder [11, 12]. The effects of fluoride in 






Table. 2.1 Effect of long term exposure of fluoride in drinking water on human 
health. 
Concentration, mg/L Health effect Reference 
<0.5 Dental caries [1] 
0.5-1.5 Optimum dental health [11] 
1.5-4.0 Dental fluorosis [11] 
4.0-10.0 Dental and skeletal fluorosis [15] 
>10.0 Crippling fluorosis [15] 
Long term exposure to arsenic in drinking water leads to lung, skin, liver and kidney 
cancer [13, 14]. This differs from acute poisoning, which causes obviously abdominal 
pain, bloody diarrhea and vomiting oesophageal. Hence, World Health Organization 
(WHO) recommended a stringent limit of 1.5 mg/L as the maximum permissible level 
of fluoride and the concentration of arsenic was limited less than 10 ppb in drinking 
water [6, 7]. However, some countries and regions are exposure to high levels of 
fluoride and arsenic in natural waters such as South and South-eastern Asia, Hungary, 
Cambodia, Chile and Vietnam [15, 16] (Table. 2.2). Gomez et al. [16] have found that 
there was linear relation between the concentration of fluoride and arsenic, the 














Table. 2.2 Countries affected by arsenic contamination and maximum with 
permissible limits for drinking water. 
Country Maximum permissible limits (μg/L) Reference 
Argentina 50 [3] 
Bangladesh 50 [13] 
Cambodia 50 [5] 
China 50 [2] 
Chile 50 [5] 
India 10 [6] 
Mexico 50 [10] 
Nepal 50 [6] 
New Zealand 10 [6] 
Taiwan 10 [2] 
USA 10 [4] 
Vietnam 10 [6] 
2.3. Treatment Technologies 
Many methods have been applied to remove fluoride and arsenic from water, 
including ion exchange, adsorption, membrane, electrodialysis, filtration and 
coagulation-precipitation.  
The traditional way to remove fluoride from water is liming and the accompanying 
precipitation of fluorite. But the shortcomings of most methods are high operational 
and maintenance costs, secondary pollution (generation of toxic sludge, etc.) and 
complicated procedure involved in the treatment [4]. Table. 2.3 compares different 
technologies for fluoride removal. It can be concluded that coagulation methods are 
effective in fluoride removal, but they are unsuccessful in bringing fluoride to desired 
concentration levels; membrane processes requires no additives but these are 
relatively expensive to install and operate and prone to fouling, scaling, or membrane 
degradation; the electrochemical techniques suffer high cost factor, during installation 
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and maintenance [5]. 
Table. 2.3 Comparison of main fluoride removal technologies. 
Technologies Advantages Disadvantages Reference 
Adsorption Remove fluoride up to 
90%; cost-effective. 
Highly dependent on pH; ionic 
competition. 
[16,18] 
Ion-exchange Remove fluoride up to 
90%; retain the taste and 
color of water intact. 
Ionic competition; regeneration 







Large space for drying of 
sludge; maintenance cost is very 
high; remove efficiency gets low 




Effective; treatment and 
disinfection in one step; 
ensure water quality; no 
need of chemicals or 
maintenance; work under 
wide pH range. 
Remove all ions; expensive; lot 
of water gets wasted as brine; 
disposal of brine.  
[12] 
The major arsenic removal technologies are compared in Table. 2.4. Both advantages 
and disadvantages of conventional and non-conventional treatment technologies for 
arsenic removal are listed. But most methods are more effective for arsenic removal 
when the initial arsenic concentrations are high (usually >100 mg/L) but residual 









Table. 2.4 Comparison of main arsenic removal technologies. 
Technologies Advantages Disadvantages Reference 
Oxidation/ 
precipitation 
Relatively simple; low-cost but 
slow process. 
Mainly removes arsenic (V); 




Relatively low capital cost and 
simple in operation; common 
chemicals are available.  
Produce toxic sludges; low 
removal of arsenic; control 
the pH; sedimentation and 
filtration needed  
[13] 
Adsorption Relatively well known; easy 
operation; commercially available. 
Need replacement after four 
to five regeneration; produce 
toxic solid waste.  
[7,8,9,17] 
Ion-exchange Well-defined medium and capacity; 
pH independent. 
High cost medium; high-tech 
operation and maintenance; 
As (III) is difficult to remove; 
life of resins. 
[14] 
Membrane Well-defined and high removal 
efficiency; no toxic solid waste; 
capable of removal of other 
contaminants.  
Very high-capital and running 
cost; high water rejection; 
high tech operation and 
maintenances. 
[5] 
Since adsorption process has the advantages of low-cost and simplicity in design and 
operation, it is commonly considered to be the most promising technology. So it’s 
necessary to develop a new advanced material for efficient removal of fluoride and 
arsenic. 
Many different kinds of sorbents have been developed for fluoride and arsenic 
removal, such as zirconium [17, 18], Mn-Ce oxide adsorbent [19], Ti-La oxides 
impregnated on granular activated carbon (TLAC) [20], Al–Ce hybrid adsorbent [21], 
hydrous manganese oxide-coated alumina [22] and Ti-Al binary metal oxide [23]. 
Though these sorbents have been tested for fluoride and arsenic removal, the 
adsorption capacities of these adsorbents are not satisfied, especially when the pH 
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varies in a wide rage. For example, Fe2O3 can remove arsenic in high efficiency, but 
the efficiency for fluoride removal is low. Activated carbon based materials and 
alumina can be used for fluoride and arsenic removal, but the adsorption capacities 
are not satisfied.  
Recently, nanoparticle sorbents have raised great interest due to their large specific 
area and the absence of internal diffusion resistance (e.g., fast adsorption kinetics rate) 
[24], especially porous materials made from metal impregnation have shown 
promising results. For example, GAC (granular activated carbon) has an arsenic 
adsorption capacity of 6.6 mg/g, in order to adsorb F, researchers have used rare earth 
elements on carrier materials, since the rare earth-containing adsorbents have high 
adsorption capacities. Some lanthanum-based sorbents have been applied for fluoride 
and arsenic removal such as granular lanthanum alginate [25] and lanthanum alginate 
bead [26]. In addition, nano-scale adsorbents have raised great interest for their 
efficient fluoride and arsenic removal due to their large specific area and fast 
adsorption kinetics rate [27].  
2.4. Fluoride and arsenic removal by biosorbents  
Biosorbents have performed good uptake of contaminant with the advantages of high 
binding capacity and abundance of source, especially those based upon seaweeds are 
commonly utilized nowadays [8, 9]. For the record, the annual world production of 
seaweed is estimated more than 2.6 million tons of red algae and 16 million tons of 
brown algae. Sargassum seaweeds, a genus of brown algae, have been widely studied 
to remove lead, copper, cadmium, zinc and nickel [28-31].  
The seaweed-based biosorbents during adsorption, however, often suffer from low 
removal efficiency of anionic contaminants and possible secondary pollution because 
of organic leaching. Hence, further modification or physical/chemical pretreatment 
onto the raw seaweeds are usually employed, to enhance the biosorption performance. 
In particular, carbon particles can be derived from seaweeds through carbonization 
process. Various modification methods on carbonaceous materials are available [32, 
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33]. The formed carbonaceous materials with high porosity and high specific surface 






CHAPTER 3 MATERIALS AND METHODS 
Lanthanum is a kind of rare earth element. In this study, it is chosen as the main type 
of material loaded on the carbon nanoparticles since it has high adsorption for both 
fluoride and arsenic, which makes the adsorbents to be efficient in removal of fluoride 
and arsenic. Lanthanum-based materials have been reported as showing excellent 
fluoride removal performance in recent investigations such as granular lanthanum 
alginate [23] and lanthanum alginate bead [24]. 
3.1. Materials 
Sargassum seaweeds were collected from the west coast of Singapore. The reagents 
including LaCl3, NaNO3, Na2HAsO4•7H2O, Na3PO4, Na2SiO3, NaOH and NaF were 
of analytical grades and purchased from Sigma-Aldrich (Singapore) without further 
purification. Sulfuric acid (75-97%) was purchased from Honeywell, Specialty 
Chemicals Seelze GmbH, Germany. Deionized (DI) water was used for our all 
experiments. 
3.2. Preparation of lanthanum modified seaweeds 
Lanthanum modified carbon nanoparticles (LMCN) were prepared as follows: 
Sargassum sp collected was first washed using tap water and then dried in the oven. 
For carbonization purpose, the dried seaweeds were treated with concentrated sulfuric 
acid for 24 h. The obtained carbon particles were washed with DI water and then 
neutralized by sodium hydroxide to pH 7. The neutralized carbon particles were 
separated using centrifuge and dried in the oven at 70 ℃. Afterwards, the dried carbon 
particles were immersed in aqueous solution of 0.2 M LaCl3 under constant mixing 
for 24 h. The resulted La-modified carbon nanoparticles were washed for several 
times to remove excess lanthanum. Finally the LMCN adsorbents were dried and 
stored in the freeze-dryer for the subsequent use. 
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3.3. Adsorption experiments  
Sodium fluoride and arsenic stock solutions of 1000 mg/L were prepared and freshly 
diluted before use, respectively. An aliquot of the stock solution was mixed with a 
certain volume of water for both preparing fluoride and arsenic solutions with the 
desired experimental concentrations. The adsorption behavior of LMCN was 
investigated through the batch studies.  
3.3.1. Adsorption kinetics  
The adsorption kinetics experiment was conducted with the initial fluoride and arsenic 
concentration of 20 mg/L. The dosage of adsorbent was 0.4 g/L and the solution pH of 
fluoride was set at 7, the solution pH of arsenic was set at 8. The mixed solution was 
stirred at constant rate. The samples were taken at pre-determined time intervals. After 
adsorption, the solution was filtered using 0.45 μm cellulose membrane. Fluoride 
concentrations were determined by the fluoride meter (Inesa, China) and arsenic 
concentrations were determined by ICP-OES. 
The kinetics data is simulated using the pseudo-first order rate model and the 
pseudo-second order rate model [48]. Respective equations are expressed as follows: 
𝑞𝑡 = 𝑞𝑒(1 − 𝑒





                                                        (2) 
where K1 (h
-1), K2 ((g/mg)/h) represents the first and second diffusion constant, 
respectively; qe (mg/g) and qt (mg/g) represents the amounts of adsorbate adsorbed at 
equilibrium and at time t, respectively; C is intercept. The value of K, qe and C can be 
obtained from the nonlinear curve fitting of experimental data plot qt against t. 
3.3.2. Influence of pH, ionic strength and competitive factors 
The effect of pH on adsorption was studied by 50 mL solutions, containing 20 mg/L 
fluoride or arsenic and 0.4 g/L of sorbent. The solution pH from 2 to 11 was adjusted 
and maintained during the experiment by adding HNO3 or NaOH. The solution were 
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shaken at 220 rpm on a shaker for 24 h at the room temperature.  
In the ionic strength study, sodium nitrate with different contents was added into 
fluoride and arsenic solutions in order that the background ionic strength was set at 
0.001, 0.01 and 0.1 M, respectively. Other experimental procedures were the same as 
those in the pH effect study.  
Several competitive factors on the uptake of fluoride and arsenic were studied. The 






humid acid were respectively added into the fluoride solutions. The solution pH was 





3-, F- and humid acid were respectively added into 
the arsenic solutions. The solution pH was controlled at 8 during the experiment. 
Other experimental procedures were the same as those in the pH effect study. 
The stability of the adsorbent is important in the industrial applications. The 
remaining solution after the adsorption in the pH effect study was taken. The 
concentration of lanthanum was measured by an inductively coupled plasma optical 
emission spectrometer (ICP-OES, Perkin-Elmer Optima 3000). The leaching amount 
(mmol-La per gram of adsorbent) as a function of pH was then obtained. 
3.3.3. Adsorption isotherm 
In the isotherm experiment, 0.2 g adsorbent was added to 50 ml fluoride/arsenic 
solution with fluoride/arsenic concentration from 1 to 180 mg/L, and the solution pH 
was maintained at 7 in fluoride solution and 8 in the arsenic solution. Other 
procedures were the same as those given in Section 3.3.2. 
Both Langmuir and Freundlich models are used to fit the equilibrium relationship 
between the amount of fluoride and arsenic adsorbed onto the solid and its 





                                                        (3) 
𝑙𝑔𝑞𝑒 = 𝑙𝑔𝐾𝐹 +
1
𝑛
(𝑙𝑔𝐶𝑒)                                               (4) 
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Ce (mg/L) represents the equilibrium concentration of the adsorbate in solution, qe 
(mg/g) represents the adsorption capacity by the adsorbent at equilibrium, qmax (mg/g) 
is the maximum amount of the adsorbate adsorbed by the adsorbent at the equilibrium 
time, b (L/mg) is adsorption reaction constant, and KF is related to the adsorption 
capacity of the adsorbent, and 1/n is a constant known as the heterogeneity factor 
related to the surface heterogeneity.  
3.3.4. Methods for concentration determination 
The fluoride standard solution for Ionic Chromatography (IC) was used for the 
working curve calibration. The concentrations of residual F- were analyzed with a 
fluoride-selective electrode connected to an ion meter (Inesa, China) following 
reported method [36, 37]. The correlation coefficient of standard curve (n = 6) was 
more than 0.999. Also, this method was confirmed by the colorimetric method using 
Hach meter. The filtrate of As adsorption experiment was then analyzed for residual 
As(V) concentration using an inductively coupled plasma emission spectrometer 
(ICP-OES: Perkin Elmer Optima 3000 DV). 
Fluoride or arsenic uptake was calculated through performing mass balance based 




                                             (3) 
where qt is the amount of adsorbed fluoride or arsenic at time t (mg/g); V is the 
volume of solution (L); C0 (mg/L) and Ct (mg/L) are initial and residual fluoride or 
arsenic concentration at time t, respectively; and m is the mass of adsorbent (g). 
3.4. Characterization of Characterization 
The main characterization techniques used in this study will be briefly described in  




3.4.1. Surface charge density 
The point of zero charge (PZC) was estimated based on the slightly modified method 
proposed by Kinniburgh [38]. The LMCN powder was suspended in 0.01 M NaNO3 
for 24 h, after which the rate of pH change became very slow. 50 ml suspension was 
then adjusted to various pH values using NaOH or HNO3 solution. After agitating for 
60 min to reach equilibrium, the initial pH was measured; then 1.5 g of NaNO3 was 
added to each suspension to bring final electrolyte concentration to approximately 
0.45 M. After another 3 h, the final pH was measured. The results, plotted as ∆pH 
(final pH-initial pH) against final pH, yielded the pHPZC as the pH at which ∆pH 
equaled to 0. 
3.4.2. Morphology and elemental analysis 
The surface morphology and microstructure of the sorbent were observed by field 
scanning electron microscope (FESEM) (JSM6700F, JEQ, Japan).The samples were 
coated with a thin film of platinum on the surface for electric conductivity. Energy 
dispersive X-ray (EDX, JEOL, JED 2300) spectra analysis was performed for the 
surface elemental analysis. 
3.4.3. XPS analysis 
XPS is a useful method to analyze the existence and chemical state (i.e. valence) of 
element [39-41]. It provides the chemical status of each element and information on 
the concentration of different elements in the surface of the adsorbent by investigation 
of the shifts in the position of emission peaks. The surfaces of the adsorbent before 
and after fluoride and arsenic adsorption were analyzed by an X-ray photoelectron 
spectroscopy (XPS) (Kratos XPS system-Axis His-165 Ultra Shimadzu). The XPS 
results were collected in binding energy forms and fitted using a non-linear 
least-square curve fitting program (XPS PEAK 41 Software). To compensate for the 
charging effect, all spectra were calibrated with graphitic carbon as the reference at a 
binding energy of 284.8 eV. For the elements of oxygen, the spectra were 
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deconvolved with the subtraction of a linear background and a Gaussian 
(20%)-Lorentzian (80%) mixed function. The peak’s full width at half maximum 




CHAPTER 4 RESULTS AND DISCUSSION 
4.1. Adsorbent characterization 
4.1.1. Surface charge density study 
The value of pHPZC of LMCN adsorbent is about 6.12, as shown in Fig. 4.1. The 
surface charge density decreases when solution pH increases. This result indicates that 
the surface charge of the adsorbent is highly pH-dependent. When solution pH is 
higher than pHPZC, the adsorbent is negatively charged, which produces a stronger 
electrostatic repulsion between active sites and anions. Conversely, the surface charge 
becomes positive when solution pH is below pHPZC. Technically, the surface charge 
density curve displays the same trend as other typical adsorbents such as activated 
carbon [42]. 
















Fig. 4.1 Point of zero charge of LMCN adsorbent. 
4.1.2. Morphology and elemental study 
The surface morphology and elemental info of virgin LMCN, fluoride-loaded and  
arsenic-loaded LMCN sorbents were investigated by FESEM. Fig. 4.2a shows after 
the modification by the La ions, the irregular particles in La-modified carbon become 
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well dispersed. The size of the particles vary from nano scale to micron level as 
shown in Fig. 4.2a. Based on the analysis of EDX, it can be found that La3+ ions are 
successfully immobilized on the surface of the adsorbent. 
Many small particles are present on the surface, which facilitates the diffusion of 
fluoride or arsenic onto the surface of the adsorbents. Raw seaweeds consist of high 
content of hydrophilic polymers (e.g. cellulose) [43]. After carbonization, a certain 
content of functional groups such as hydroxyl group (-OH) may be introduced into 
carbon material. Especially after carbonization by concentrated sulfuric acid, sulfate 
group (-SO3H) is left in carbon material [44]. The ion exchange of La
3+ and H+ in the 
carbon material may be the main reason for the continuous loading of La3+ ions, 
which can be expressed by the following equation: 
SOH + La3+ = SO--La3+ + H+                                           (4) 
The fluoride content in the LMCN is obtained based on the SEM-EDX analysis (Fig. 
4.2b) at a magnification of 10000 times. The detected location has fluoride, 
lanthanum and oxygen contents of 6.61, 37.44, and 9.08% (atom percentage) 
respectively. After fluoride adsorption, as shown in Fig. 3.2b the peak of fluoride 
element appears in the EDX graph and a rough layer is observed on the surface of the 
adsorbent. This may result from the adsorption of fluoride and the sedimentation 
formed in this process through the reaction of La3+ and F-, which will be discussed 
later in details. 
The arsenic content in the LMCN is also obtained based on the SEM-EDX (Fig. 4.2c) 
analyzing at the same  magnification. The detected location has arsenic, lanthanum 
and oxygen contents of 4.45, 14.34, 25.93% (atom percentage), respectively. After 
arsenic adsorption, as shown in Fig. 4.2c the peak of arsenic element appears in the 
EDX graph, which also confirms that arsenic is successfully adsorbed on the surface 
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Fig. 4.2 SEM study of LMCN: (a) virgin sorbent (×10,000) and corresponding 
EDX spectrum; (b) fluoride-loaded sorbent (×10,000) and corresponding EDX 
spectrum; (c) arsenic-loaded sorbent (× 10,000) and corresponding EDX 
spectrum. 






























































4.1.3. XPS study 
4.1.3.1. Fluoride adsorption 
The XPS wide scan spectra for the adsorbents before and after fluoride adsorption are 
shown in Fig. 4.3. The appearance of the F 1s peak in XPS wide scan spectrum 
indicates the fluoride has been successfully adsorbed. Further, the high resolution 
XPS spectrum of F 1s of fluoride-loaded LMCN adsorbent is shown in Fig. 4.4. 
Similarly, there are four characteristics peaks for lanthanum on the LMCN adsorbent, 
which correspond to La 4d, La 4p, La 3d 5/2 and La 3d 3/2. The presence of an 
oxygen peak proves the hydroxyl groups and sulfate groups on the surface of LMCN 
adsorbent. In particular, it shall be noticed that the intensity of O 1s significantly 
decreases after the fluoride adsorption.  
 
 
Fig. 4.3 Wide scan XPS spectra of virgin and F-loaded sorbent. 
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Fig. 4.4 High resolution XPS spectra: (a) O 1s spectra of virgin; (b) fluoride- 
loaded sorbents; (c) F 1s spectrum of fluoride-loaded sorbent. 
The O 1s spectrum of LMCN adsorbents before and after fluoride adsorption is 
divided into three component peaks in Fig. 4.4. The peaks with binding energy of 
531.87, 532.60 and 533.39 eV in the virgin adsorbent can be assigned to the O in the 
forms of C-O, O-H and S-O [39, 45]. As illustrated in Table. 4.1, the peak intensity of 
O-H decreases whereas the peak intensities of C-O and S-O increase after fluoride 
adsorption. This result implies that the O-H group may participate in the fluoride 




























adsorption through ion exchange process [45].  
Table. 4.1 Distribution of C-O, O-H and S-O from fitted XPS spectra of O 1s 
peak of LMCN adsorbents. 
Sample Peak B.E. (eV) FWHM (eV) Percent (%) 
Virgin adsorbent C-O 531.87 1.06 45.30 
O-H 532.60 1.09 41.12 
 S-O 533.39 1.01 13.58 
F-loaded adsorbent C-O 532.23 1.35 50.45 
O-H 532.80 1.06 35.10 
 S-O 533.67 1.03 14.45 
The possible mechanism for the fluoride removal by LMCN adsorbent is shown in 
Fig. 4.5. Based on the results of kinetics and ionic strength study, the fluoride 
adsorption is mainly controlled by outer-sphere ion-pair complexes. In the 
modification process by La3+ solution, there may be an exchange process between 
La3+ ions and H+ ions in the functional groups such as hydroxyl group and sulfate 
groups of raw carbon particles. The presence of La3+ facilitates fluoride removal from 
water solution through electrostatic attraction and Lewis acid-base interaction [46]. 
Furthermore, from the analysis of XPS spectrum, an ion exchange mechanism may 
play a certain role in the fluoride removal. The hydroxyl groups on the surface of 
LMCN adsorbent could exchange with F- ions during the fluoride removal process. 
Especially, at high solution pH where the surface charge of the adsorbent becomes 
negative and stronger electrostatic repulsion between active sites and F- ions can be 




Fig. 4.5. Mechanism of fluoride adsorption by LMCN adsorbent. 
4.1.3.2. Arsenic adsorption 
Fig. 4.6 shows the wide scan XPS spectra of both virgin and arsenic-loaded sorbent. 
The main elements in virgin elements are La, S, O, C and Na, while the main 
elements in arsenic-loaded sorbent are As, La, S, O and C. Compare with the virgin 
sorbent, two arsenic peaks (As 3d, As LMM) appear in the arsenic-loaded sorbent 
which demonstrate the adsorption of arsenic onto the sorbent. A notable result is that 
the amount of S decreases obviously after arsenic adsorption. This demonstrates that 
the uptake of As on the sorbent and the release of sulfate from the sorbent. The O 1s 
spectrum of the fresh LMCN can be decomposed into three component peaks as 
presented in Fig. 3.7a. The peaks with binding energy of 533.4, 532.6, 531.9 eV are 
assigned to the O 1s in the forms of O-S, O-C, O-La [45]. Compared with the 
spectrum of virgin sorbent, the O 1s spectrum of As-loaded sorbent has a new 
component peak with binding energy of 531.1 eV, which is assigned to the oxygen in 
the form of As-O. This confirms the loading of arsenic onto the surface of the sorbent.  
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Fig. 4.6 Wide scan XPS spectra of virgin and As-loaded sorbent. 
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Fig. 4.7 High resolution XPS spectra: (a) O 1s spectra of virgin; (b)As-loaded 
sorbents. 
Based on the results of kinetics and ionic strength study, the arsenic adsorption is 
mainly controlled by outer-sphere ion-pair complexes. In the modification process by 
La3+ solution, there may be an exchange process between La3+ ions and H+ ions in the 
functional groups such as hydroxyl group and sulfate groups of raw carbon particles. 
The presence of La3+ facilitates arsenic removal from water solution through 
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electrostatic attraction and Lewis acid-base interaction [46]. Furthermore, from the 
analysis of XPS spectrum, an ion exchange mechanism may play a certain role in the 
arsenic removal.  
4.2. Adsorption study 
4.2.1. Effect of pH  
4.2.1.1. Fluoride removal 
pH has influence on the form of fluoride and the surface pattern of sorbent, which 
would consequently affect the interaction between fluoride and sorbent. In the current 
study, the effect of pH on adsorption was investigated at different initial pH ranging 
from 2 to 11. 















Fig. 4.8 Effect of solution pH on fluoride removal by LMCN. Sorbent dosage = 
0.4 g/L, [F]0 = 20.25 ppm, equilibrium time = 24 h. 
Fig. 4.8 implies that the uptake of fluoride slightly increases when the solution pH is 
increasing. The adsorption capacity remains above 45 mg/g when the solution pH is 
from 3 to 9, with the initial concentration of fluoride at 20.25 ppm. In particular, the 
maximum adsorption is 48.70 mg/g at pH 7. With a further increase of solution pH, 
the adsorption of fluoride decreases significantly. It is worthwhile to note that LMCN 
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adsorbent is associated with excellent adsorption efficiency under a wide pH range, 
especially for acidic and neutral pH. There is nearly no obvious difference in the 
uptake of fluoride when pH turns basic, and the LMCN adsorbent still provides very 
good fluoride adsorption capacity of 31.3 mg/L at pH 10. When pH reaches above 10, 
hydroxide concentration that increases to around 0.1 mM ([F]0 = 1.05 mM) may 
compete with fluoride in the solution for the active sites of LMCN adsorbent.  
Regarding the analysis of pHPZC, a stronger electrostatic attraction between adsorbent 
and fluoride ion should be obtained when pH is below 6.12 [47]. However, the 
electrostatic interaction may not be the only factor in fluoride adsorption by LMCN 
adsorbent according to the result obtained in Fig. 4.8. The chemisorption and 
precipitation are considered to be the significant mechanisms for fluoride removal 
when applying LMCN in aqueous solution. Specifically, when pH reaches above 10, 
fluoride ions starts to compete with hydroxide in the solution in order to form 
precipitation, which results in the substantial decline of fluoride adsorption capacity. 
Since the industrial wastewater normally has a wide range of pH and the pH of 
fluoride-contaminated groundwater is usually from 6 to 8, LMCN adsorbent becomes 
a potential alternative material for fluoride removal in practical application. 
4.2.1.2. Arsenic removal 
The distribution of As species in solution and the surface properties are generally 
pH-dependant. In order to evaluate the effect of pH on the removal of As by LMCN, 
batch adsorption experiments were carried out at different initial pH ranging from 2 to 
11, and the pH was controlled every 4 h. Fig. 4.9 shows the adsorption of As varies 
little when the pH reaches 6, however, when at extremely acid situation, the 
adsorption capacity is much lower. Under a wide range of pH (6 to 11), the adsorption 
capacity is over 50 mg/g. The maximum As uptake is observed in the pH range 
between 9 and 10. As the pH is further increasing, the adsorption of As decreases. 
This trend is consistent with the removal of As by activated alumina grain. 
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Fig. 4.9 Effect of solution pH on arsenic removal by LMCN. Sorbent dosage = 0.4 
g/L, [As]0 = 21.13 ppm, equilibrium time = 24 h. 
The pH-dependent adsorption may associate with the arsenite species and the surface 
properties of the sorbent. The point zero charge of LMCN is 6.12, this means that at 
low pH values (pH < 6.12), the surface of LMCN are protonated and positively 
charged, which enhances the adsorption of negatively charged ions, while at higher 
pH values (pH > 6.12), the surface of LMCN are negatively charged. At extremely 
low pH range more H3AsO4 converts into H2AsO4
- as the pH is increasing, and 
H2AsO4
- species becomes predominant. Therefore, the adsorption of As (V) increases 
as the pH increases.  
Since the industrial wastewater treatment has a wide range of pH and the pH of 
groundwater is usually 6 to 8, there is no need to adjust the pH if LMCN is used for 
the removal of As in the waste water. This adsorption has an advantage over other 
sorbents as it can be used for removal of As in a wide pH range. 
Besides, the La+ concentration is measured and it couldn’t be detected. This suggests 
that the aggregation of the nanoparticles causes stability of the sorbent and would not 
have harmful effects to the treated water.  
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4.2.2. Adsorption Isotherm 
4.2.2.1. Fluoride removal 
It is shown in Fig. 4.10 that the experimental data of fluoride adsorption and fitting 
curves is using Langmuir and Freundlich. 





 Frenudlich model simulation







Ce (mg/L)  
Fig. 4.10 Adsorption isotherm for removal of fluoride by LMCN. Sorbent dosage 
= 0.4 g/L, [F]0 = 20 ppm, pH = 7.0, equilibrium time = 24 h. 
The constants with respect to Langmuir and Freundlich isotherm as well as their 
corresponding linear regression correlation coefficients are summarized in Table. 4.2. 
Generally, the sorption equilibrium data fits both models well according to the 
squared correlation coefficient value of 0.89 and 0.87, respectively. Further, it can be 
found that Freundlich model describes the equilibrium data better at lower solute 
equilibrium concentrations, while Langmuir model fits the equilibrium data better at 
higher concentrations. Besides, based on Langmuir model, the maximum adsorption 
capacity of fluoride onto LMCN could reach 47.22 mg/g at optimal pH. Comparing 
adsorption capacity with other sorbents previously reported [15-23], LMCN exhibits 





Table. 4.2 Langmuir and Freundlich adsorption isotherm parameters for 





 qmax (mg/g) b (L/mg) r2 KF (L /g) 1/n r2 
pH = 7 47.22 0.44 0.89  26.98 0.28 0.87 
4.2.2.2. Arsenic removal 
The adsorption isotherm for fluoride uptake is given in Fig. 4.11. Both Langmuir and 
Freundlich isotherms are used to analyze the experimental data. The constants of 
Langmuir and Freundlich isotherm are summarized in Table. 4.3. 
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Fig. 4.11 Adsorption isotherm for the removal of arsenic by LMCN. Sorbent 
dosage = 0.4 g/L, [As]0 = 20 ppm, pH = 8.0, equilibrium time = 24 h. 
According to the correlation coefficient (r2), the Langmuir model fits the data much 
better than the Freundlich model. It is found that the maximum adsorption capacity of 
LMCN for As is 69.117 mg/g by Langmuir model at optimal pH. 
Compare with adsorption capacity of other sorbents reported [15-23], LMCN exhibits 
a better performance than many other sorbents for fluoride removal in a wide pH. 
Also, LMCN has a lower cost than other sorbents.  
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Table. 4.3 Langmuir and Freundlich adsorption isotherm parameters for arsenic 




 qmax (mg/g) b (L/ mg) r2 KF (L /g) 1/n r2 
pH = 7 69.117 0.038 0.964  6.157 0.477 0.872 
4.2.3. Kinetics 
4.2.3.1. Adsorption kinetics of fluoride removal 
Fig. 4.12 shows the experimental data of fluoride adsorption kinetics by LMCN, as 
well as the modeling results. It is noticed that more than 90% of adsorption takes 
place within the first 1 h; afterwards the reaction becomes relatively slower. The 
adsorption of fluoride reaches equilibrium in 4 h with the initial concentration of 
21.55 ppm. 

















Fig. 4.12 Kinetics curves of fluoride adsorption by LMCN. Reaction conditions: 
Sorbent dosage = 0.4 g/L, [F]0 = 21.55 ppm, pH = 7.0. 
Values of different kinetics parameters are listed in Table. 4.4. Further, based on Fig. 
4.12, it can be found that the adsorption of fluoride on LMCN is fitted better by the 
pseudo-second order rate model than that by the pseudo-first order rate model. 
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Although the pseudo-first order model fits the experimental data quite well in the 
initial rapid adsorption stage, at later stage the fitting curve deviates from the 
experimental data. On the other hand, the pseudo-second order model fits the 
experimental data well throughout the entire adsorption process. Table. 4.4 indicates 
the r2 value of pseudo-first order model and pseudo-second order model are 0.975 and 
0.996, respectively. Thus the pseudo-second order model can be used to describe the 
adsorption process, which indicates the adsorption process of fluoride removal could 
be chemisorption. 
Table. 4.4 Pseudo-first-order model and pseudo-second-order model parameters 




Pseudo-second order model 
qe, exp (mg/g) qe (mg/g) K1 (h
-1) r
2 qe (mg/g) K2 ((g/mg)/h) r
2 
48.70 50.14 8.657 0.975  50.23 2.521 0.996 
4.2.3.2. Adsorption kinetics of arsenic removal 
The adsorption kinetics of As on the LMCN is of great importance for designing 
appropriate adsorption technologies. The kinetics experimental data and the modeling 
results can be found from Fig. 4.13. Above 90% of adsorption takes place rapidly 
within the first 2 h, followed by a relative slow process. The adsorption of As reaches 
equilibrium within 4 h when the initial concentration of As is 21.50 ppm. To better 
understand the adsorption kinetics of As on the sorbent, the pseudo-first order rate 
model and the pseudo-second order rate model are employed to simulate the 
adsorption process.  
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Fig. 4.13 Kinetics curves of arsenic adsorption by LMCN. Reaction conditions: 
Sorbent dosage = 0.4 g/L, [As]0 = 21.50 ppm, pH = 8.0. 
It can be observed in Fig. 4.13 that the adsorption of As on the LMCN could be fitted 
better by the pseudo-second order rate model than the pseudo-first order rate model. 
The kinetics parameters of these models are listed in Table. 4.5. As can be seen, the 
experimental data is well fitted by both models. The correlation coefficient (r2) for the 
pseudo-second model is 0.970 which is slightly higher than that for the pseudo-first 
model of 0.910. 
Table. 4.5 Pseudo-first-order model and pseudo-second-order model parameters 




Pseudo-second order model 
qe, exp (mg/g) qe (mg/g) K1 (h
-1) r
2 qe (mg/g) K2 ((g/mg)/h) r
2 
52.601 52.908 4.992 0.910  54.419 0.165 0.970 
4.2.4. Effect of ionic strength 
The values of ionic strength in natural water bodies vary greatly. Thus, it is important 
to evaluate the effect of background ionic strength on the adsorption of fluoride and 
arsenic using LMCN. Specifically, studies on ionic strength dependence can serve as a 
guide to distinguish whether inner- and outer-sphere surface complexes would form 
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during the adsorption process [48]. The adsorption can be classified as inner-sphere 
surface coordination complexes (strong bonding) or outer-sphere ion-pair complexes 
(weak bonding), based on the bonding affinity of ions towards active sites on the 
sorbent surface. The strong bonding anions to form inner-sphere complex adsorption 
can hardly be influenced if ionic strength becomes higher. On contrary, the 
outer-sphere complex adsorption is restrained when ionic strength is higher, simply 
because concentrated background electrolytes would overwhelm adsorption process to 
complex ions through electrostatic forces [49]. 
4.2.4.1. Fluoride removal 
It is shown in Fig. 4.14 that increasing ionic strength from 0.001 to 0.1 M has 
considerable effect on the adsorption of fluoride, especially when pH is above 10. 
This indicates the adsorption of fluoride could be governed by outer-sphere complex 
adsorption mechanism. In the outer-sphere complex adsorption, concentrated 
background electrolytes would overwhelm adsorption process to complex ions 
through electrostatic forces. 




















Fig. 4.14 Effect of ionic strength for removal of fluoride by LMCN. Sorbent 




4.2.4.2. Arsenic removal 
Fig. 4.15 shows that increasing in ionic strength from 0.001 to 0.1 M does not have 
significantly effect on the adsorption of arsenic in a wide range of pH (3 to 11). This 
indicates that the adsorption of arsenic may be governed by outer-sphere complex 
adsorption mechanism.  






















Fig. 4.15 Effect of ionic strength for the removal of arsenic by LMCN. Sorbent 
dosage = 0.4 g/L, [As]0 = 20.61 ppm, pH = 8.0 (pH control), equilibrium time = 24 
h. 
4.2.5. Effect of co-existing ions 
Generally, surface water and ground water contain some anions such as bicarbonate, 
silicate, phosphate and sulfate, and natural organic matters. These anions may 
compete with arsenic for the active adsorption sites, has a negative effect on arsenic 
removal. 
4.2.5.1. Fluoride removal 
Typically in Fig. 4.16, the presence of the common co-existing anions has significant 
influence on the fluoride adsorption except HA. It is found that the adsorption 
efficiency with respect to fluoride declines when the concentration of these coexisting 
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ions is increasing. According to the experimental results obtained, the effects of 
HCO3
- and SiO3
2- on fluoride uptake are the most significant. The adsorption of 
fluoride reduces by 26, 68.4 and 89.7% with the presentence of 0.1, 1 and 10 ppm 
HCO3
-. Similarly, the adsorption of fluoride reduces by 19.1, 50.5 and 83.4% when 
the concentration of SiO3
2- in aqueous solution reaches 0.1, 1 and 10 ppm. It can be 
observed that anions are strongly adsorbed on metal oxide surfaces owing to the 








































































































































Fig. 4.16 Influences of co-existing anions on fluoride removal. Sorbent dosage = 
0.4 g/L, [F]0 = 20.25 ppm, equilibrium time = 24 h. 
4.2.5.2. Arsenic removal 
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Fig. 4.17 Influences of co-existing anions on arsenic removal. Sorbent dosage = 
0.4 g/L, [As]0 = 20.68 ppm, equilibrium time = 24 h. 
Fig. 4.17 demonstrates that the existence of these co-existing anions have notably 
influent the adsorption of As. The higher concentrations of these co-existing anions, 
the more uptake of arsenic decrease. The competition between anions and arsenic onto 
the surface of LMCN may lead to the reduction of As adsorbed. As shown in Fig. 4.17, 
the effects of HCO3
-, PO4
3-, HA and SiO3
2- on the adsorption of arsenic are more 
significant. The uptake of arsenic becomes 24.15, 48.47, 80.64% when the 
concentration of HCO3
- is 0.1, 1 and 10 ppm, respectively. The similar effects exist in 
PO4
3-, HA and SiO3
2- anions. All anions are strongly adsorbed on metal oxide surfaces 




CHAPTER 5 CONCLUSIONS AND RECOMMENATIONS 
5.1. Conclusions 
In this study, an innovative LMCN was successfully developed by the modification of 
seaweed biomaterial using lanthanum ions. Sargassum sp. was carbonized by 
concentrated sulfuric acid, then obtained carbon particles were washed with DI water 
and neutralized by sodium hydroxide. Afterwards, particles were immersed in 
aqueous solution of LaCl3. The resulted adsorbent then was applied for the effective 
removal of fluoride and arsenic from aqueous solution. 
The adsorbent demonstrated excellent fluoride adsorption with a wide pH ranging 
from 3 to 9. The maximum fluoride adsorption capacity at neutral pH was 48.7 mg/g. 
At the same time, the distribution of arsenic species in solution and the surface 
properties were generally pH-dependant. The resulted adsorbent showed excellent 
arsenic adsorption under a wide pH ranging from 6 to 11, the adsorption capacity was 
more than 50 mg/g. The maximum arsenic uptake in the pH ranging between 9 and 10 
was 52.6 mg/g. 
The adsorption kinetics experiment indicated rapid uptake of fluoride occurred within 
the first 1 h with an achievement of about 90% of equilibrium adsorption capacity. 
The fluoride adsorption equilibrium could be reached in 4 h. The adsorption kinetics 
of arsenic showed that above 90% of adsorption took place rapidly within the first 2 h. 
The arsenic adsorption equilibrium could be reached in 4 h.  
The pseudo-second order equation well described the adsorption performance of 
fluoride. Outer-sphere complex adsorption, ion exchange and electrostatic attraction 
were suggested as the important mechanisms for the fluoride uptake. The 
pseudo-second order equation also well described the adsorption performance of 
arsenic. Outer-sphere complex adsorption and ion exchange were suggested as the 
main mechanisms for arsenic uptake. 
Based on the isotherm study, the maximum fluoride adsorption capacity could reach 
up to 47.22 mg/g at optimal pH, the maximum arsenic adsorption capacity could 
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reach 69.12 mg/g, which were much better than most currently available adsorbents.  
The fluoride removal efficiency decreased with the increasing of ionic strength in the 






3- could inhibit the fluoride adsorption process, whereas the presence 
of HA had no significant impact. The increasing of ionic strength did not have 
significantly effect on the adsorption of arsenic in a wide ranging pH from 3 to 11. At 
the same time, co-existing anions showed that the concentrations of these co-existing 




2- on the adsorption of arsenic were more significant.  
Overall, the proposed LMCN as adsorbent can provide fast fluoride and arsenic 
removal from aqueous solution, with considerably high adsorption efficiency in a 
wide range of pH and respectively low cost, which leads to potentially wide 
applications in water treatment. 
5.2. Recommendations 
Many impacts and parameters effects on the adsorption of LMCN have been studied 
in this thesis, but more research work will be conducted in the future to determine the 
applicability in the treatment of heavy metal ions and contaminated organic matters. It 
can be anticipated that this novel LMCN adsorbent be used as a viable technology for 
effective fluoride and arsenic removal. Several recommendations are given as follows.   
I. This study used 0.2 M LaCl3 to soak the carbonized seaweeds. The effects of 
different concentrations of LaCl3 deserve more attention. LMCN may have better 
adsorption behaviors by using other different concentrations of LaCl3 solution. 
Therefore, optimizing the amount of LaCl3 added into the carbon seaweed may be the 
focus of the study so that the highest adsorption capacities can be achieved. 
II. Broaden the application field of the LMCN. Besides the adsorption of fluoride and 
arsenic, other heavy metal ions and organic pollutants, such as Cu2+, Pb2+, Ni2+, Cd2+, 
Hg2+, Co2+ and Zn2+ could be removed with LMCN to explore the value of the 
adsorbents. Therefore, further study could be carried out in the condition of multiple 
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heavy metal ions and remove them individually or together efficiently at the same 
time. 
III. Additional work is necessary to further understand the complex adsorption 
mechanism of LMCN. For example, X-ray diffraction technique could be applied to 
determine the crystal structure of the fabricated magnetic sorbent. This is useful to 
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